Abstract--The binding of tris-bipyridyl metal complexes of the type M(bp)3 -~+ (M = Fe 2+, Cu ~+, Ru 2+) to hectorite surfaces is shown to occur by two mechanisms: (1) replacement of Na § ions in the native mineral by cation exchange up to its cation exchange capacity and (2) intersalation of excess salt beyond the exchange capacity. In the cation exchange mechanism, the binding of metal complex is strongly favored over Na +. The intersalation reactions are dependent on the nature of the counter-anion: SO4 ~-, Br > CIOc, CI-. The homoionic M(bp)~2+-hectorites, which exhibit rational 18/~ X-ray reflections, have been characterized with regard to their BET surface areas, water adsorption isotherms, types of water present, selected reactions in the intercalated state, and orientation of the complex ions in the interlayer regions. Mixed Fe(bp)32+, Na § have also been examined and the results suggest segregation of the two ions between interlayers or within intedayers. Solid state intersalated phases have been isolated with 18 A and 29.5/~. spacings. In general, surface areas of the intersalated phases are low, but the 18 A phase derived from [Fe(bp)3]SO4 adsorption shows a high surface area, which even exceeds the surface area of homoionic Fe(bp)32+-hectorite.
INTRODUCTION
2,2'-Bipyridyl (bp) and the related c~-diimine ligand ortho-phenanthroline (phen) are noted for their ability to form stable complexes with many transition metal ions. Tris complexes of the type M(bp)3 "+ or M(phen)3 n § are of special interest when bound to the interlayer surfaces of smectite. Because of their cagelike shape, these species should be capable of propping apart the interlayers of the mineral by about 8/~ in absence of a coadsorbed solvent. Under such conditions, one expects the surface regions between the exchange ions to be available for the adsorption or surface-catalyzed reactions of various molecules.
Thus, Berkheiser and Mortland (1977) have recently demonstrated that Fe(phen)32+ and Cu(phen)32 § do in fact act as 8 A molecular props in hectorite and that the homoionic exchange forms of the mineral have an N2 surface area in the range 200-300 m2/g. This surface area is available for the adsorption of polar (H~O) and larger nonpolar (benzene) molecules. In addition to finding some unusual redox properties of the mineral bound ions, they also found that Fe(bp)32+-and Cu(bp)32+-hectorites are capable of binding metal complex in excess of two times the cation exchange capacity of the mineral through intercalation of the bromide or sulfate salts. Theilmann and McAtee (1975) have found that related tris-ethylenediamine complexes Cr(en)33+ , Co(en)33 § , and Cu(en)32+ afford appreciable surface areas when they occupy the exchange sites of montmorillonite. The' * Journal Article No. 8450 Michigan Agricultural Experiment Station. This work was partially supported by National Science Foundation grant No. CHE76-80370-A01.
9 1978, The Clay Minerals Society metal complex clays showed promise as chromatographic supports for separation of light hydrocarbons and nitrogen oxides. They also observed bonding of metal complex cation in excess of the exchange capacity of the mineral.
The purpose of the present study was to investigate the binding of tris-bipyridyl complexes of Fe 2 § Cu 2+, and Ru 2 § in hectorite. The Ru(bp)32+ complex was included in the study because it has been reported that monolayers of bipyridyl ruthenium cations in a hydrophobic environment are capable of catalyzing the photodecomposition of water (Sprintschnik et at., 1976) . It was of interest, therefore, to determine if the same catalytic reaction could be observed with Ru(bp)32 § monolayers in hectorite.
The results indicate that certain similarities exist between the intercalation chemistry of the bipyridyl and orthophenanthroline complexes under conditions where there is one equivalent of metal complex per equivalent of mineral. However, new, more dramatic intersalation reactions have been revealed in the metal bipyridyl complex experiments described in this report.
EXPERIMENTAL Hectorite clay
Hectorite was obtained from the Baroid Division of National Lead Company as a centrifuged and spraydried powder. Previously reported conductometric titration of a Cu(II)-hectorite gave a CEC of 70 meq/100 g. Chemical analysis of homoionic Fe(bp)3-hectorite indicated a CEC of 80 meq/100 g.
2,2'-Bipyridyl complexes
2,2'-Bipyridyl was purchased as reagent grade from Aldrich Chemical Company and was used without fur-ther purification. In the preparation of all complexes a solution of the ligand was added to aqueous solutions of the metal salt. All salts were recrystallized from water and were stored over CaC12 or PzOs.
[Fe(bp)3](C104)2 and [Fe(by)3](C104)3"3H20 were prepared according to the methods of Burstall and Nyholm (1952) . The Fe(bp).~ 3+ salt was stored in vials wrapped with aluminum foil to prevent photoreduction.
[Fe(bp)3]Clz.5H20 was prepared according to the method of Inskeep (1962) , except that prior to being recrystallized from water the complex was washed with hot benzene to remove excess ligand. The bromide salt of Fe(bp)32+ was prepared by adding excess KBr to a solution of the chloride salt until crystals formed. Hydrated [Fe(bp)3]SO4 was obtained by addition of excess amine to a solution of FeSO4" 7HzO, washing the dark red paste with hot benzene, and recrystallizing from water; chemical analysis gave 11.02% N; 7.78% Fe; 4.09% S.
[Cu(bp)3](C104)2 was prepared after the method of Percy and Thornton (1971) . The preparation of the Cu(I) complex, [Cu(bp)2](C104), was adapted from the method of Schilt and Taylor (1959) for the synthesis of the phenanthroline complex.
[Ru(bp)~]C12 was prepared according to the method of Burstall (1936) .
Metal complex exchange forms of hectorite
Homoionic Fe(bp)32+-, Ru(bp)32+-and Cu(bp)3Z+-exchange forms of hectorite were prepared by adding in fourfold excess a solution of the metal complex as the CI or C104-salt to the Na + exchange form of the mineral. After the suspension had been allowed to equilibrate 24 hr at room temperature, the mineral was filtered and washed thoroughly with water until the filtrate was colorless.
Self-supporting, oriented film samples of homoionic M(bp)32+-hectorite complexes were prepared by suspending for several days at slightly elevated temperature precast films of Ca2+-hectorite in water solutions containing stoichiometric amounts of the complex salt. Complete exchange was indicated by the disappearance of color from the solution. The orientated Ca 2+-hectorite samples were obtained by allowing a 1% water suspension of the mineral to evaporate at room temperature on a flat polyethylene surface and then peeling the dried films away.
Orientated samples of Cu(bp)22+-hectorite were obtained by first preparing Cu(bp)2+-hectorite by cation exchange between film samples of Ca2+-hectorite and [Cu(bp)2]C104 in acetonitrite solution and then oxidizing the mineral-bound Cu(bp)2 + ion with a 0.1% aqueous solution of H202.
Ion exchange adsorption isotherms
Ion exchange isotherms were obtained for the adsorption of Fe(bp)32+, Cu(bp)32+, and Ru(bp)32+ on Na(I)-hectorite by adding aliquots of metal complex solution to 0.05 g of Na+-hectorite and bringing the suspension volume to 50.00 ml. The suspensions were allowed to equilibrate for 48 hr, and then the supernatant solution was analyzed spectrophotometrically for metal ion concentration. The amount of complex adsorbed by the mineral phase was determined by difference. Absorption maximums were obtained at 522 nm for Fe(bp)32+, 297 nm for Cu(bp)32+, and 449 nm for Ru(bP)32+. Adsorption isotherms were reproducible as determined by checking selected points on the isotherms.
Water adsorption studies
Water adsorption isotherms were obtained by placing fully saturated Fe(bp)32+, Cu(bp)32+, and Ru(bp)3 z+-hectorite (freeze-dried and dehydrated at 150~ overnight) in atmospheres of varying relative humidity provided by H2SO 4 and saturated salt solutions at 20~ The weight gain after 7 days of equilibration was compared to the 150~ dried material.
Self-supported film samples were used for the infrared studies of adsorbed water. The samples were allowed to equilibrate at 30% relative humidity (RH) for 24 hr before a spectrum was recorded. Spectral changes after heating the samples at 100, 200, and 250~ for 2 hr were also noted.
Redox experiments
Qualitative redox experiments were performed on the mineral bound M(bp)32+ complexes, and the results were compared with those for the complexes in homogeneous solution. Changes in oxidation states were indicated when appropriate color changes in the complex ion were observed.
Surface area measurements
Hectorite samples containing zero to one equivalent of M(bp)32+ per equivalent of mineral were prepared for surface area determination by treating Na+-hectorite with the appropriate amount of metal complex as the CIO4-or C1-salt in aqueous solution. The samples were washed with water and then freeze-dried.
A series of Fe(bp)32+ hectorites containing intercalated Fe(bp)3 z+ salts with C10 4 , C1 , Br-, and SO4 zanions were prepared by treating 0.05 g of Na+-hectorite in 50 ml of water with a 5.7-fold excess of the desired metal complex salts. Fe(bp)32+-hectorites containing intercalated [Fe(bp)3]SO4 were also prepared by treating the same quantity of sodium clay with a 2.3-, 10.2-or 29-fold excess of [Fe(bp)3] SO4 in 50 ml of water. These intercalated samples were centrifuged to remove as much supernatant liquid as possible before being airdried.
Surface areas were determined with a Perkin-Elmer Shell Model 212-B sorptometer at liquid nitrogen temperature using N2 as the adsorbate and He as the carrier gas. All samples were degassed by heating at 160~ under flowing helium. The absorption data were plotted according to the BET equation. Approximately 40 mg of sample was used for each determination. Berkheiser and Mortland (1977) compared the Langmuir, Hiittig, and BET equations for N2 adsorption on Fe(phen)3Z+-hectorite and found the BET equation to give the best fit. Because of the similarities between phenanthroline and bipyridyl complexes the adsorption data in the present work were plotted according to the BET equation.
X-ray powder diffraction measurements
A Philips X-ray diffractometer with Ni-filtered CuKct radiation was used to measure 001 basal spacing. Powder samples of the metal complex hectorite were prepared by placing aqueous suspensions onto glass slides and drying them at room temperature, 100 or 150~ In some cases self-supported films were used by placing the film on a glass slide. Diffractograms were usually recorded to three orders of (001) reflections.
Spectroscopic measurements
UV-VIS and ESR spectra were obtained for selected metal-complex hectorite samples. UV-VIS spectra were recorded on a Beckman DK-2A ratio recording spectrophotometer using 1-cm quartz cells for liquid determinations and fused quartz disks for thin clay films. A dilute suspension of the metal complex clay was deposited on a quartz disk, air-dried, and coated with a thin layer of mineral oil to reduce scattering. A film of Na-hectorite prepared and treated similarly was placed in the reference beam to compensate for absorption by the clay mineral.
Infrared spectra in the region of 4000 to 600 cm a were obtained on a Beckman IR-7 spectrophotometer. Self-supported films were used for the metal-complex hectorite samples and KBr pellets were prepared for the pure compounds.
Electron paramagnetic resonance spectra (ESR) were recorded at X-band frequency on a Varian E-4 ESR spectrometer using quartz tubes containing thin films of the metal complex clay. Samples were placed in chambers of 0%, 77% RH, or heated to 100~ for one week before measurements were made. Standard pitch served as a standard for which g = 2.0028.
RESULTS AND DISCUSSION

Adsorption isotherms
The adsorption isotherms in Figure 1 demonstrate that Fe(bp)32*, Cu(bp)32+, and Ru(bp)a ~* all have a marked affinity for the surfaces of Na*-hectorite in aqueous suspensions 9 Included in the figure for comparison is the isotherm reported by Greenland and Quirk (1962) for adsorption of cetylpyridinum bromide, [n-C,6H33NCsHs]Br, on Na+-montmorillonite. It can be seen that the amounts of metal complex adsorbed exceed the cation exchange capacity 'of the mineral. In order to maintain electrical neutrality, the complex ions bound in excess of the exchange capacity must be accompanied by intercalated counterions.
The isotherms for Fe(bp)32+ and Cu(bp)32+ (as C10 4-salts) show several interesting features. In the region between 0 and 80 meq of bound complex per 100 g of clay, the slope is vertical, indicating the exchange equilibrium Na+-hectorite + M(bp)32+ ~,~ M(bp)32+-hectorite + Na + lies 100% to the right. In the region between 80 and 160 meq/100 g, excess salt begins to penetrate the interlayer regions. X-ray diffractograms of dried samples with loadings of 80 and 160 meq/100 g both give 18 ]k basal spacings, independent of drying temperature over the range 20-150~
This spacing is consistent with the value (8 A) expected for monolayers of complex ions oriented on the surface with their threefold axis perpendicular to the silicate sheets. Apparently, excess complex salt is readily accommodated in the surface regions between the coulombically bound monolayers of exchange cations.
Additional [Fe(bp)3](C104)2 and [Cu(bp)3](C104)2 is intersalated at total loadings corresponding to 160-180 meq/100 g. At these loadings it is likely that some interlayers expand beyond a monolayer, because the 18 ,~ diffraction peak of dry samples broadens asymmetrically toward lower Bragg angles, indicating the presence of interstratification with higher spacings.
Perhaps the most interesting feature of the [Fe(bp)3] (C104)2 and [Cu(bp)3](C104)2 isotherms is the desorption of salt which occurs at concentrations beyond -1 x 10 ~ M. X-ray data of dried samples prepared in this region of the isotherms show a return to more homogeneous interlayer distances with 00! spacings near 18 A. It is possible that desorption occurs because ion pairing in solution at higher concentrations is favored over ion pairing in the intercalated state. (ClO4)2 retained on the clay at concentrations beyond 1 • 10 -3 M. However, the major cause of the differences between the ruthenium and the iron and copper systems is most likely due to the fact that C1-is the counterion in the ruthenium system and that this ion behaves differently from C104-in electrostatic properties when imbedded in hydrated monolayers of complex cation. Distinct 18 /~ spacings are observed when samples containing up to 120 meq of Ru(bp)32+ per 100 g are dried in the temperature range 20-150~ At higher concentrations broad, interstratified peaks approaching a d value of 24 A are present.
It is to be noted that the shape of the isotherms for the bipyridyl metal complexes is quite different from that for cetylpyridinium bromide on montmorillonite. Also, the isotherm for the cetylpyridinium salt is not reversible. This intersalated system, which exhibits 42 spacings, is stable to washing with water on benzene (Greenland and Quirk, 1962) . In contrast, all of the intercalated bipyridyl complex salts bound in excess of the CEC can be removed by washing with water or methanol.
Anion effects on Fe(bp)3 ~+ adsorption
The differences in the [Fe(bp)3](C104)2 and [Ru(bp)3] C12 isotherms shown in Figure 1 prompted an examination of anion effects on the intersalation of Fe(bp)32+ salts. The results with C104-, CI-, Br-, and SO42-counterions are plotted in Figure 2 .
As expected for cation exchange, the curves are independent of anion up to the cation exchange capacity of the mineral. However, the additional bonding of complex cation through intercalation of salt, is dramatically dependent on the nature of the anion. The greatest tendency for intersalation occurs for the SO4 zand Br-salts. Unlike the C104 salt, which shows an adsorption maximum as discussed earlier, the binding of the SO42-and Br salts is continuous with increasing complex concentration up to -6.3 • 10 3 M. The C1 salt shows the least tendency toward intersalation, reaching a maximum of -113 meq/100 g at very low concentrations and remaining at this value at all higher concentrations.
The qualitative order for intersalation of the SO42 , Br-, and C1-salts parallels the predicted tendency to- ward ion pairing based on electrostatic arguments. However, the peculiar behavior of the C104 salt which should show the least tendency toward ion pairing cannot be explained at this time. A more explicit explanation of the adsorption data will require future studies of the thermodynamic differences for ion pair formation in solution and in the intercalated state. The X-ray basal spacing of the intersalated Fe(bp)32+-hectorite systems are of some interest. At all loadings beyond the cation exchange capacity, the CI-and Brsystems, like the C104-system discussed earlier, show monolayer spacings of 18 ~,, independent of drying temperature over the range 20-150~ Some tendency toward interstratification at high loadings is noted as a broadening of the diffraction line. Thus even though the [Fe(bp)3]Br2 can be intersalated to a much larger extent than the corresponding CI-salt, both systems form only monolayers of complex cation in the dry state. Presumably, an appreciable fraction of the free salt is expelled from the interlayers upon drying the Fe(bp)3 Br2 system at high loadings.
The [Fe(bp)3]SO4-hectorite system exhibits 18 A diffraction peaks at loadings between 80 and 180 meq/100 g. At higher loadings there is evidence for interstratification and then at ca. 460 meq/100 g a highly ordered system is obtained which exhibits 10 orders of reflection for d001 = 29.5 ]k. This spacing persists up to Ioadings of 850 meq/100 g. The results show that well-ordered one or two monolayer systems of Fe(bp)3 z+ can be obtained in the dry state when SO4 z-is the counterion. Apparently the SO42-ion is more effective in ordering two molecular layers of complex cation than is Br-.
Water adsorption studies
Water adsorption isotherms for homoionic Fe(bp)32+-, Cu(bp)32+-, and Ru(bp)32+-hectorites are shown in Figure 3 . These samples contain only coulombically bound complex cations and are free of any intercalated anions. adsorbate interactions predominate over adsorbateadsorbent interactions. Although the cations have the same charge and similar size, the Ru(bp)32+-hectorite shows a somewhat greater capacity for water than the analogous iron(II) and copper(II) systems. The OH stretching frequencies of adsorbed water were observed by allowing the homoionic hectorites to equilibrate at P/Po = 0.3 and then heating the samples at temperatures of 100, 200, and 250~ Two types of water are distinguished. A band centered at 3400 cm -1 in all samples is assigned to water associated with the complex cations. A second band at 3575 cm -1 indicates the presence of water hydrogen bonded to the silicate oxygen (Farmer and Russell, 1967) . The 3400 cm -1 band is retained up to 250 ~ C for the Ru(bp)a 2+ and Fe(bp)32+ clays, but the band is lost at 250 ~ C for Cu(bp)32+-hectorite.
If a model of the metal-complex hectorite is considered in which the complex cations are separated by an average distance of 12 A, there is ample space between cations for surface associated water. The water associated with the complex cation may be explained by a model suggested by Jensen et at. (1958) . The metal complexes contain three bidentate ligands. The regions between ligands define three pockets, each capable of binding up to two water molecules. The loss of the 3400 cm -1 band from Cu(bp)32+-hectorite at 250~ may be associated with the loss ofa bipyridyl ligand at this temperature. ESR evidence for the thermal transformation of octahedral Cu(bp)32+ to planar Cu(bp)2 z+ on hectorite surfaces is discussed below.
Surface area determinations
Specific N2 surface areas were determined for mixed M(bp)z 2 § Na+-hectorite systems. Curves showing the dependence of surface area on the fraction of exchange sites occupied by M(bp)32+ complex ions are shown in Figure 4 .
It is known that the charge distribution among different layers of hectorite is nonuniform (Lagaly and Weiss, 1975) . Some interlayers have high charge density with closely spaced cations and others of low charge have more widely spaced cations. The negative deviations from a linear relationship between surface area and fraction of M(bp)32+ ion on the exchange sites may originate from the nonuniform layer charge. The negative deviations from linearity could then be explained by the complex cations preferentially filling interlayers of highest charge density, resulting in low N 2 surface areas due to crowding of the large complex cations. Alternatively, both Na + and M(bp)32+ ions may occupy the same interlayers, but the metal complexes could be segregated laterally in "islands" which are inaccessible to N2 upon dehydration. Independent evidence for the segregation of Na + and M(bp)a 2+ interlayers with 12 ~ and 18 ~ basal spacing is supported by X-ray powder diffraction patterns of dry samples. Sharp rational diffraction peaks of 18/~ are observed only when the exchange sites are fully saturated with M(bp)32+ ions. The smallest tendency toward interstratification for the mixed M(bp)32+, Na +-hectorites occurs with Ru(bp)32+. For example, at a M(bp)32+ to Na + meq ratio of 0.3:0.7, the ruthenium system exhibits a 17 ~ reflection, whereas copper and iron give reflections of 13 ~ and 14.7 ~, respectively. The Ru(bp)32+ ion also gives the highest surface areas. The Cu(bp)32+-hectorites show the lowest surface areas, perhaps due to loss of a bipyridyl ligand and partial collapse of the interlayers on heating at the activation temperature of 160 ~ C (cf. section on ESR spectroscopy).
The observed N2 surface areas of homoionic Fe(bp)32+-, Cu(bp)a 2+-, and Ru(bp)a2+-hectorites are 174, 141, and 233 m2/g, respectively. If the cross-sectional area of a M(bp)32+ ion in a plane perpendicular to its threefold axis is taken to be 130 A 2, then the surface area occupied by the complex cations in contact with upper and lower silicate sheets is 548 m2/g. The sum of the calculated and observed surface areas range from 689 m2/g for Cu(bp)32+-hectorite to 781 m2/g for Ru(bp)32+-hectorite. These values are near the theoretical surface area of the mineral.
A very interesting phenomenon was observed in measuring the surface areas of homoionic M(bp)32+-hectorites. If the samples were prepared by adding one equivalent of metal complex chloride or perchlorate per equivalent of clay and the samples not washed, then very low surface areas in the range 12-37 m2/g were obtained. Washing the samples caused the surface areas to increase to the values reported above. Apparently, although the cation exchange equilibrium strongly favors the complex cation, some of the NaC1 or NaCIO4 formed in the exchange reaction is retained in the interlamellar voids and interferes with N2 penetration and adsorption.
As noted in earlier discussions of the adsorption isotherms, all of the intersalated systems in the dry state give 18 ~ monolayer spacings. At high loadings, all of the salts show an increased tendency toward interstratification, suggesting the presence of higher spacings; but the only salt which affords higher spacings of several rational orders is [Fe(bp)3]SO4, where at a loading of 460 meq/100 g the d00~ is about 29.5 ~. It is not possible to provide a precise composition for the intersaiated phases in the dry state, because the amount of free salt that is expelled from the interlayers upon drying is not easily determined. Nevertheless, it was of interest to examine the surface areas of some of the intersalated phases. The results are presented in Table 1 .
It is seen that the intersalated 18 ~, phases, with the exception of those provided by [Fe(bp)3]SO4, exhibit surface areas that are appreciably lower than those provided by the homoionic M(bp).~ 2+ clays. Despite the presence of intercalated salt, the interstratified 18 A phases obtained from [Fe(bp)3] SO4 intersalation have a surface area (~260 mS/g) which is even larger than that provided by homoionic Fe(bp)32 +-hectorite (174 m2/g). It is possible that most of the [Fe(bp)3]SO4 intersalated in aqueous suspension is expelled from the interlayers upon drying, thus leaving an essentially homoionic system. This explanation, however, is unlikely in view of the fact that intersalation of [Fe(bp)3]SO 4 in the dry state is unequivocally indicated by the existence of a highly ordered 29.5 ~ phase in which two molecular layers of complex cation must be present. In contrast to the interstratified 18 A phase derived from [Fe(bp)3] SO4, the rational 29.5 A phase shows a low surface area (~ 10mZ/g). It is possible that the higher spacings present in the interstratified 18 A phase are different in composition or structure from those of the rational 29.5 phase and account for most of the observed surface area. Whatever the reason may be, high surface areas are obtained only when the intercalated counterion is SO4 ~-. Berkheiser and Mortland (1977) have previously shown that Cu(phen)32 § is reduced by dithionite to Cu(phen)2 + on the interlayer surfaces of hectorite. They also showed that Fe(phen)~ 3+ on hectorite in the presence of water or other protonic solvents is reduced to Fe(phen)32+, but that the reduction does not occur in the presence of aprotic solvents. This redox chemistry of Cu(phen)22+ and Fe(phen)3 a+ on the silicate surfaces is similar to that observed for the ions in aqueous solution, except that the reduction of Fe(phen)33+ is much faster on the clay surfaces than in solution. Other differences from solution behavior were noted by the failure of Fe(phen),~ 2+ to be oxidized by Ce(IV) or PbO2 in H~SO4 solution. Possible explanations for these differences have been discussed by Berkheiser and Mortland (1977) . In the present work, the redox properties of Cu(bp)32+, Fe(bp)33+, and Fe(bp)32+ on hectorite closely parallel those of the analogous phenanthroline complexes. In addition, no oxidation by PbO2 or Ce(IV) in H2SO 4 solution was noted for Ru(bp)~ 2+ on hectorite, even though these oxidations do occur in solution.
Reactions of intercalated M(bp)3 ~ § ions
One of the objectives of this work was to determine if monolayers of Ru(bp)32+ on hectorite would catalyze the photochemical splitting of water to Hz and 02 as reported by Sprintschnik et al. (1976) for surfactant derivatives of Ru(bp)32+ in a monolayer environment. No oxygen evolution was detected by a Clark electrode after irradiation of a 1 wt% suspension of homoionic Ru(bp)a2+-hectorite with a 100 W mercury lamp for 3 days. More recently, Sprintschnik et al. (1977) , have reported that their original observation was caused by the presence of unknown impurities and that the observation could not be reproduced.
ESR spectra of Cu(bp)32+-and Cu(bp) z~+-hectorites
In our earlier discussions we alluded to the possibility that Cu(bp)32+ on the exchange sites of hectorite may lose a ligand when heated beyond 100~ X-ray powder diffraction is of little value in determining this point as the d-spacings of the heated samples are little changed from that of the unheated sample (17.6 A). However, ESR spectroscopy provides good evidence for the thermal loss of one bipyridyl ligand. Figure 5 shows the ESR spectra of an oriented film sample of Cu(bp)32+-hectorite at -196~ and at 25~ and 77% RH. The spectrum at -196~ is anisotropic (g II = 2.14, g• = 2.08, A = 0.0158 cm -~) and independent of orientation in the magnetic field. The spectrum at 25~ and 77% RH is also anisotropic and orientation independent, except that some broadening is observed due to partial averaging ofg [l and g2 through tumbling and dynamic Jahn-Teller effects (Noack et al., 1971; Hathaway et al., 1974) . The lack of orientation dependence indicates that the elongated axis of the Jahn-Teller distorted ion is oriented near 45 ~ to the silicate sheets. Alternatively, the orientation of the ion may be viewed in terms of its pseudo threefold axis being oriented perpendicular to the silicate sheets. This result verifies the conclusions deduced earlier from d001 values on the orientation of the intercalated M(bp)32+ ions. A similar orientation has been found for six-coordinate Cu(H20)62+ (Clementz et al., 1973) and Cu(en)32 § (Velghe et al., 1977) on layered silicate surfaces.
The ESR spectrum of Cu(bp)32+-hectorite after being heated to 100~ ( Figure 5C ) is anisotropic at 25~ (g [[ = 2.24, g J_ --2.07, and A = 0.0158 cm-1). However, the spectrum is orientation dependent with g II being observed when H ~ is perpendicular to the silicate sheets and g• being observed for H ~ parallel to the sheets. Essentially the same spectral parameters (g 1[ = 2.24, g• = 2.07, A = 0.0170 cm -1) and orientation dependence is observed for an authentic sample of Cu(bp)22+-hectorite prepared by oxidation of Cu(bp)~ ~+ with H202. Thus there is little doubt that Cu(bp)32+ undergoes thermal dissociation of a ligand on the surfaces of hectorite. A similar result has been found for Cu(phen)3Z+-hectorite (Berkheiser and Mortland, 1977) , except that dissociation of phenanthroline appeared to occur even at 25~ and 77% RH.
CONCLUSION
(1) The ion exchange equilibrium between Na + and Fe(bp)32+, Cu(bp)32 § or Ru(bp)32 § cations on hectorite surfaces in aqueous suspensions lies completely in the direction of the complex cation. Binding of metal complex beyond the CEC of the mineral occurs through intersalation of metal complex salt. The fact that anions can be intercalated within the interlamellar regions of the clay after saturation of the exchange sites with complex cations suggests that the M(bp)3 z+ ions are very effective in shielding the anions from the electrostatic charge of the silicate layers.
(2) The intersalation of Fe(bp)32+ salts is highly dependent on the nature of the counter-anion. The extent of intersalation tends to increase with increasing tendency toward ion pairing (e.g., SO42-> Br-> C1-). The behavior of the CIO4-salt is anomalous, showing an absorption maximum and subsequent desorption of intersalated salt with increasing concentration Of salt in solution. The relative stability of ion pairs in solution and in the intercalated state may regulate the extent of intersalation.
(3) The homoionic M(bp)32+ exchange forms of the clay exhibit complex cations oriented with their threefold axis perpendicular to the silicate sheets. This orientation is verified by the orientation independence of the anisotropic ESR spectrum of Cu(bp)~+-hectorite. The nitrogen surface areas are in accord with the theoretical surface area of the mineral. Anomalously low surface areas are obtained if the clays are not thoroughly washed following the exchange reaction, suggesting interference of nitrogen penetration by the exchange salt. The M(bp)32+ clays are stable to heating at 250~ except that Cu(bp)32+ loses one bp ligand at 100~ Surface area and X-ray diffraction measure-ments of mixed Fe(bp)., z+, Na+-hectorite systems show that the two ions are segregated between or within interlayers.
(4) Dehydration of M(bp)~2+-hectorites containing intercalated M(bp)a 2+ salts affords solid intersalated phases with 18/~ spacings. At loadings corresponding to about 6 times the CEC of the mineral, [Fe(bp)3]SO4 gives a rational 29.5 /~ intersalated phase containing two molecular layers of complex cation. Some free salt is expelled from the interlayers during the transition from the wet to the dry state. In all cases the nitrogen surface areas are low, except for the 18/~ phase derived from [Fe(bp)3]SO4 intersalation where the nitrogen surface area is even larger than the surface area obtained for homoionic Fe(bp)32+-hectorite. The sulfate anion exhibits a greater ability to order the intersalated phases than does Br-, CI-, or C104-.
(5) The redox behavior of Fe(bp)~ z+ and Ru(bp)z 2 § in the intercalated state differs from the solution state by failing to be oxidized with PbO2 or Ce(IV) in HzSO4. Either the redox potentials are altered in the intercalated state or the reactions are kinetically slow. Ru(bp)32 § monolayers in hectorite fail to catalyze the photodecomposition of water.
